Over half of all human cancers, of a wide variety of types, sustain mutations in the p53 tumor suppressor gene. Although p53 limits tumorigenesis through the induction of apoptosis or cell cycle arrest, its molecular mechanism of action in tumor suppression has been elusive. The best-characterized p53 activity in vitro is as a transcriptional activator, but the identification of numerous additional p53 biochemical activities in vitro has made it unclear which mechanism accounts for tumor suppression. Here, we assess the importance of transcriptional activation for p53 tumor suppression function in vivo in several tissues, using a knock-in mouse strain expressing a p53 mutant compromised for transcriptional activation, p53 25, 26 . p53 25, 26 is severely impaired for the transactivation of numerous classical p53 target genes, including p21, Noxa, and Puma, but it retains the ability to activate a small subset of p53 target genes, including Bax. Surprisingly, p53 25, 26 can nonetheless suppress tumor growth in cancers derived from the epithelial, mesenchymal, central nervous system, and lymphoid lineages. Therefore, full transactivation of most p53 target genes is dispensable for p53 tumor suppressor function in a range of tissue types. In contrast, a transcriptional activation mutant that is completely defective for transactivation, p53 25, 26, 53, 54 , fails to suppress tumor development. These findings demonstrate that transcriptional activation is indeed broadly critical for p53 tumor suppressor function, although this requirement reflects the limited transcriptional activity observed with p53 25, 26 rather than robust transactivation of a full complement of p53 target genes.
T he p53 protein plays a critical role in suppressing tumorigenesis, as evidenced by its frequent mutation in human cancers and the fully penetrant cancer phenotype of p53 null mice (1, 2) . p53 is thought to act as a tumor suppressor by inducing apoptosis or cellular senescence in response to cellular stresses such as DNA damage or oncogenic signals, with the relative importance of apoptosis or senescence as a tumor suppressor mechanism varying by tissue type (1, 3, 4) . The molecular mechanism by which p53 blocks cancer development, however, has remained elusive.
The best-characterized molecular function of p53 is as a transcriptional activator (1) , and in this capacity it induces the transcription of a plethora of target genes. However, whether transactivation is the p53 activity responsible for its tumor suppressor function has been controversial, as p53 possesses a variety of other biochemical activities. For example, p53 directly represses the transcription of numerous genes by binding to p53 response elements in the regulatory regions of these genes. Additionally, p53 induces apoptosis through mitochondrial membrane permeabilization via interactions with Bcl-2 family members (5) .
To assess the contribution of transcriptional activation to p53 function, we previously generated a knock-in mouse strain expressing p53 25, 26 , a p53 mutant bearing alterations in critical residues in the transactivation domain, from the endogenous p53 promoter (6) . We showed that this mutant is severely compromised for the transactivation of the majority of known p53 target genes, including p21, Puma, and Noxa, but that it retains the ability to properly activate a small set of p53 target genes including Bax and other recently identified target genes (6, 7) . Consistent with the critical role for well-established, classical p53 target genes, such as p21 or Puma, Noxa, and Perp in G 1 arrest or apoptosis (8, 9) , respectively, the p53 25, 26 protein is defective in inducing cell cycle arrest or apoptosis in response to acute DNA damage. In contrast, the p53 25, 26 mutant retains function in response to oncogenic signals, such as in engaging the p53 effector program of cellular senescence. Moreover, it is capable of serving as a tumor suppressor in a mouse model for nonsmall cell lung cancer (NSCLC), suggesting that efficient transactivation of most canonical target genes by p53 is dispensable for p53 tumor suppressor function in this epithelial lineage. Instead, tumor suppressor activity is associated with robust p53-mediated activation of a set of newly identified p53 target genes (7) .
Given that p53 elicits different cellular effector responses, including cell cycle arrest, apoptosis, or senescence, to promote tumor suppression in diverse tissues and in response to different initiating oncogenic lesions (10) (11) (12) (13) , it is also possible that the biochemical mechanism underlying p53 action in tumor suppression might similarly vary according to context. For example, p53-mediated apoptosis limits development of Eμ-myc-driven B-cell lymphomas and large T-antigen-induced choroid plexus tumors (10, 13) . In contrast, p53-dependent senescence is thought to restrict development of lung cancers caused by Ras pathway activation (11) or prostate cancers caused by Pten loss (12) . Thus, here, using the p53 25, 26 knock-in mice, we specifically investigate the role of transcriptional activation by p53 in the suppression of tumors arising from diverse cell types of origin to assess whether p53 uses a common mechanism in tumor suppression in different tissues. We have extended our analysis based on epithelial tumors to encompass analysis of tissues representing the four major lineages that give rise to tumors: epithelial, mesenchymal, central nervous system, and lymphoid. We analyze the contribution of intact p53 transactivation function to the suppression of fibrosarcoma, medulloblastoma, and B-cell lymphoma development. Collectively, our studies reveal that full p53 transactivation potential is dispensable for tumor suppression in diverse tissue types, and that instead, robust transactivation of the small set of genes efficiently induced by p53 25, 26 and/or minimal activation of canonical p53 target genes accounts for tumor suppression. These observations provide important general insight into p53's mechanism of action in preventing cancer. 25, 26 Is an Effective Suppressor of Fibrosarcoma Growth. We first sought to examine the importance of transcriptional activation for p53-mediated tumor suppression in mesenchymal cancers using a fibroblast transplant system in which mouse embryo fibroblasts (MEFs) transformed with the E1A and H-RasV12 oncogenes are injected into immunocompromised mice and tumor growth is assessed (14) . In our knock-in mice, expression of the p53 25, 26 allele is regulated by a transcriptional stop element flanked by LoxP sites (Lox-Stop-Lox, LSL). Thus, homozygous p53 LSL-25,26/LSL-25,26 MEFs derived from these mice can produce either no p53 protein or p53 25, 26 , through infection with adenovirus-empty (Ad-empty) or adenovirus-Cre (Ad-Cre), respectively ( Fig. 1 A and B) . We introduced activated H-RasV12 and E1A into wild-type and p53 LSL-25,26/LSL-25, 26 MEFs through retroviral transduction, followed by infection with Ad-Cre or Adempty. We verified the severely compromised transcriptional activity of p53 25, 26 on several well-established p53 target genes ( Fig. 1C (6) . E1A-Ras MEFs expressing wild-type p53, no p53, or p53 25, 26 were s.c. injected into the flanks of Scid mice, and tumor growth was monitored over time. In this model, E1A-Ras MEFs lacking p53 rapidly formed large tumors, whereas cells expressing wild-type p53 formed small tumors that developed with longer latency (Fig. 2A) . Similarly, cells expressing p53 25, 26 produced cancers dramatically smaller than those from p53-deficient cells, although these tumors were somewhat larger than those carrying wild-type p53. We hypothesized that the greater size of the p53 25, 26 tumors relative to wild-type tumors was not due to a difference in p53 activity, but rather to an outgrowth of the small percentage of p53-deficient cells retaining the LSL element in the mice injected with E1A-Ras p53 25, 26 cells (Fig.  1D) . Indeed, although p53 25, 26 expression was detectable in over 96% of E1A-Ras MEFs before injection, immunohistochemical staining of the tumors derived from the p53 25, 26 -expressing cells revealed that there was significant expansion of cells lacking p53 protein expression in every tumor (Fig. 2B ). This kind of in vivo competition to assess the relative fitness of two types of cellsnonrecombinant p53-deficient versus recombinant p53 25, 26 mutant-expressing cells in this case-in cancer development is a highly informative and widely used approach (Fig. 1D) . Our findings indicate that in this context, a strong selective advantage exists for cells lacking expression of p53 25, 26 , reflective of the potent tumor suppressor activity of the p53 25, 26 protein (Fig.  1D ). This finding is consistent with the observed tumor suppression potential of p53 25, 26 in a lung cancer model (7). As apoptosis is thought to be the mechanism through which p53 limits tumor growth in this fibrosarcoma model (14), we evaluated the capacity of p53 25, 26 to drive apoptosis in this setting. As reported, tumors expressing wild-type p53 displayed a significantly higher apoptotic index than those lacking p53 protein expression (Fig. 2C ). In the regions of the tumors expressing p53 25, 26 , the apoptotic index mirrored that seen in wild-type p53-expressing tumors. In contrast, analysis of Ki67 expression in tumors, as well as BrdU pulse labeling of E1A-Ras MEFs in vitro, showed no obvious difference in the number of cycling cells between the three genotypes ( Fig. 2 D and E) . Together, these data indicate that p53 25, 26 , like wild-type p53, triggers apoptosis to suppress tumor growth in this setting. Thus, full p53 transactivation potential is dispensable for the induction of apoptosis in response to hyperproliferative signals and for the consequent suppression of tumor growth in this fibrosarcoma model. 25, 26 Suppresses Medulloblastoma Formation in Vivo. To examine the requirement for p53 transactivation in tumor suppression in CNS tumors, we used an autochthonous tumor model for medulloblastoma in which p53 loss greatly affects the penetrance of the cancer phenotype. As with humans carrying one inactivated allele of the Sonic hedgehog receptor-encoding gene Patched1 (Ptch), Ptch +/− mice are predisposed to developing tumors in the cerebellum (15) . Loss of p53 synergizes with Ptch heterozygosity, resulting in a marked increase in the rate and frequency of medulloblastoma formation, with the penetrance increasing from ∼15% to >95% (16) .
Results p53
To determine the importance of p53 transactivation for tumor suppression in this context, we examined the consequence of p53 25, 26 expression in Ptch +/− mice. For these experiments, we used mice expressing Cre under the control of the Math1 promoter, which specifically drives Cre expression in cerebellar granule neuron precursor cells (GNPs), the cell of origin for medulloblastoma (17) . We generated cohorts of Ptch LSL-wt/LSL-wt mice. The efficacy of p53 expression was demonstrated by immunostaining for p53 in P9 cerebellum, which revealed that ∼98% of GNPs express p53 25, 26 (Fig. 3A) . All cohorts were aged and assessed for tumor burden upon morbidity.
Consistent with previous reports, p53 deficiency in Ptch +/− mice resulted in 100% incidence of medulloblastoma by 12 wk of age, whereas only 15% of Ptch +/− ; p53 +/+ mice developed medulloblastomas, and did so with longer latency (Fig. 3B) 25, 26 . (D) An in vivo competition assay was used throughout the study to evaluate the tumor suppression potential of p53 25, 26 . Red cells represent p53 25, 26 ; Math1-Cre tumors lacked p53 expression, with the exception of a few small patches of p53-expressing cells in two of the tumors (Fig. 3C ). These findings suggest that tumorigenesis in Ptch ; Math1-Cre mice is largely due to a selective advantage for p53 null cells over p53 25, 26 -expressing cells, consistent with our observations from the E1A-Ras MEF tumor experiments, and these data highlight the potency of p53 25, 26 tumor suppressor activity. Thus, full p53 transcriptional activation potential is not required for tumor suppression in the cerebellum. To assess the role of transcriptional activation for p53-mediated tumor suppression in the lymphoid lineage, we used Eμ-myc transgenic mice, which provide a well-characterized model for human nonHodgkin's B-cell lymphoma in which p53 is critical for suppressing lymphoma development (18, 19) . Specifically, transgenic Eμ-Myc mice heterozygous for a p53 null allele develop fully penetrant, aggressive lymphomas by 1-2 mo, accompanied by Loss of Heterozygosity (LOH) for p53, demonstrating that loss of p53 is a key step for lymphomagenesis. For our study, it was not possible to obtain Eμ-Myc; p53 LSL-25,26/LSL-25,26 mouse cohorts through breeding because the Eμ-Myc; p53 LSL-25,26/+ mice do not survive long enough to breed, just like Eμ-Myc; p53 +/− mice. We therefore took advantage of the fact that lymphomas developing in Eμ-Myc mice heterozygous for a p53 null allele (i.e., Eμ-myc; p53 LSL-25,26/+ ) display LOH, leading to the loss of the wild-type p53 allele (Fig. 4A (18) . Lymphomas could then be derived from Eμ-myc; p53 LSL-25,26/+ mice, manipulated in vitro to induce p53 25, 26 expression and transplanted into a number of recipient mice to examine lymphoma growth. We generated cohorts of Eμ-myc; p53 LSL-25,26/+ mice expressing a Rosa26-CreER transgene (20) and allowed them to develop lymphomas. Lymphoma cells were isolated and cultured in vitro, and the Eμ-myc; Rosa26-CreER; p53 LSL-25,26/LSL-25,26 status of the cells expected upon LOH was confirmed by Southern blotting (Fig. 4B  and Fig. S1 ). We then optimized the dose and time of 4-hydroxytamoxifen (4-OHT) treatment to achieve the highest level of recombination of the LSL element possible (Fig. 4B) 25, 26 were pulsed for 4 h with BrdU and immunostained for p53 and BrdU. Graph shows the average BrdU-labeling index in three independent experiments, ±SD. Efficient Cre-mediated recombination of the LSL-25,26 allele was confirmed by immunofluorescence staining for p53, with over 94% of the cells expressing p53 25, 26 . For C and D, due to the outgrowth of p53-deficient cells in the p53 25, 26 tumors, we costained tumors for p53 and either TUNEL or Ki67 and analyzed only regions with homogenous p53 25, 26 expression.
we could never achieve better than 50% recombination in Eμ-myc; Rosa26-CreER; p53 LSL-25,26/LSL-25,26 cells. Therefore, as in the cases of the fibrosarcoma and medulloblastoma models, we aimed to assess the relative fitness of nonrecombinant p53-deficient and recombinant p53 25, 26 -expressing cells (Fig. 1D) . The 4-OHT-treated lymphoma cells were introduced into a cohort of isogenic wild-type recipient mice, and the recipient mice were monitored for lymphoma development. Visible lymphomas formed after 2-3 wk in the vast majority of the recipients. Interestingly, despite the injected cells showing ∼50% recombination and expressing abundant p53 25, 26 protein before injection, the reconstituted lymphomas resulting from them did not carry the recombined p53 LSL-25,26 allele or express p53 25, 26 protein (Fig. 4 C-E) . The clear selective advantage for the functionally p53 null lymphoma cells relative to lymphoma cells expressing p53 25, 26 suggests that the p53 25, 26 mutant displays tumor suppressor activity. Together, our observations from multiple tumor studies suggest that full p53 transactivation function is unnecessary for p53 tumor suppressor function in a wide range of tissues. The ability of p53 25, 26 to suppress the development of multiple tumor types suggests that the limited transactivation capacity of this mutant may account for tumor suppression. Indeed, analysis of another knock-in mouse strain that we generated, in which mutations were introduced into both transactivation domains (p53 25, 26, 53, 54 ), thereby completely inactivating p53 transactivation function, showed that transcriptional activation is critical for tumor suppression in a NSCLC cancer model (7) . To assess this possibility in another tumor type, we generated Eμ-myc; Rosa26-CreER; p53 LSL-25,26,53,54/+ mice, from which we derived lymphoma cells as described above. In these lymphomas, the wildtype p53 allele was lost through LOH (Fig. 5A) . The cultured tumor cells were treated with 4-OHT to induce recombination of the LSL element and expression of p53 25, 26, 53, 54 . Akin to the situation with the Eμ-myc; Rosa26-CreER; p53 LSL-25,26/LSL-25,26 lymphoma cells, recombination was incomplete (Fig. 5A) , and we again sought to examine the competitive growth of this mixed population of tumor cells in vivo. Lymphoma cell transplantation into isogenic recipient mice was performed, and tumor development was monitored.
In contrast to the lymphomas derived from (Fig. 5B) . Furthermore, strong p53 25, 26, 53, 54 protein expression was detected in the lymphomas by Western blot and immunohistochemical analysis (Fig. 5 C and D) . Such a scenario, in which tumors that develop stain prominently for mutant p53, suggests that the p53 25, 26, 53, 54 mutant is ineffective in tumor suppression, as there is no selective advantage for p53 null cell outgrowth. The inability of the transactivation-dead p53 25, 26, 53 ,54 mutant to suppress tumor growth indicates that the transactivation function of p53 is indeed critical for lymphoma suppression in vivo. However, the tumor suppressor activity of the p53 25, 26 transactivation hypomorph suggests that only limited p53 transactivation potential is required for lymphoma suppression.
Discussion
Here, we set out to determine whether p53 uses similar or different molecular mechanisms for tumor suppression in distinct tumor types. Specifically, we investigated the requirement for transcriptional activation for p53-mediated suppression of tumors derived from different lineages, through analysis of knock-in mice expressing a p53 transcriptional activation mutant, p53 25, 26 . This mutant is severely impaired in its ability to activate the majority of canonical p53 target genes, but it does retain the ability to properly induce a small subset of p53 target genes, such as Bax and recently described targets, including Phlda3, Abhd4, and Sidt2 (6, 7). Interestingly, our studies of the p53 25, 26 mutant reveal that it retains tumor suppressor activity in all tissues examined, indicating that full transactivation potential is not required for p53 to elicit a tumor suppressor response in a variety of different contexts.
In our tumor studies, we used a Cre-regulated conditional system in which some transformed cells expressed p53 25, 26 , whereas others that failed to delete the stop element retained a p53 null status. Thus, our tumorigenesis assays were based on in vivo competition between p53 25, 26 populations of cells. In such experiments, the relative abundance of cells of each genotype is evaluated in the final tumors and compared with the starting population. If a certain population of tumor cells exhibits a selective growth advantage over the other, it will dominate within the final tumor mass. This strategy has been applied successfully to measure tumorigenic phenotypes previously (10) . In our study, the selective proliferative advantage of p53 null cells over p53 25, 26 -expressing cells in multiple tumor types, including fibrosarcomas, medulloblastomas, and lymphomas, has demonstrated that the p53 25, 26 mutant displays potent tumor suppressor activity in cancers of different origins. It will be interesting in the future to determine whether this tumor suppressor activity is strictly cell autonomous or may reflect noncell-autonomous effects as well.
Our findings contrast with another recent study, also using a conditional system to drive p53 25, 26 expression in thymocytes, which concluded that p53 25, 26 cannot suppress spontaneous T-cell lymphomagenesis (21) . In accord with this study, we find that spontaneous tumors, including thymic lymphomas, can develop efficiently in tamoxifen-treated, aging p53 LSL-25,26/LSL-25,26 ; Rosa26-CreER mice (Fig. S2A) . However, as in the studies described here, we find that upon close inspection, tumors derive from the fraction of cells that fail to delete the LSL element, which are therefore p53 null, as in all of the scenarios presented here (Fig. S2B) . Thus, our findings collectively indicate a strong selection pressure against p53 25, 26 expression, underscoring its potent tumor suppressor activity. Importantly, in the development of both spontaneous tumors and Eμ-Myc-driven B-cell lymphomas, we observe no selection pressure against p53 25, 26, 53, 54 expression in tumors (Fig. 5D and Fig. S2B ).
The importance of p53 transcriptional activation for tumor suppression has been suggested by two major lines of evidence. First, p53 mutations found in tumors typically lie within the DNA binding domain, suggesting that inactivation of DNA binding is critical for tumor development (4) . This idea is consistent with an important role for transactivation, which relies on sequencespecific DNA binding through the DNA binding domain. Second, studies of specific p53 target genes, through either RNAibased knockdown approaches or the generation of knockout mice, have implicated these genes as important for p53 effector functions, including apoptosis and senescence (9, (22) (23) (24) . Although these target gene studies have been of great importance in defining the pathways p53 uses to initiate these responses, no target gene knockout has ever produced the dramatic tumor predisposition observed in p53-deficient mice. Previous explanations have posited that the combined actions of proteins encoded by a host of p53 target genes mediate p53's tumor suppressor function, and thus the knockout of any individual target gene has minimal, if any, consequence for p53 tumor suppressor activity. Our study helps to address this issue by using p53 25, 26 , which is severely compromised for activation of myriad p53 target genes, allowing us to effectively phenocopy the knockdown of numerous p53 targets in one mouse. Despite the inability of p53 25, 26 to efficiently induce most p53 target genes, it still remains a potent tumor suppressor, supporting the idea that strong transactivation of the majority of established p53-inducible genes is not essential for p53 tumor suppressor function. In contrast, the ability of p53 to induce either cell cycle arrest or apoptosis in vivo in response to acute DNA damage signals does depend on full p53 transcriptional activation potential (7) .
Our studies do nonetheless suggest that some flavor of transcriptional activation is critical for p53 tumor suppressor function, as the p53 25, 26, 53, 54 mutant, which has lost all transactivation potential, fails to display tumor suppressor activity in NSCLC and both B-cell and T-cell lymphomas (ref. 7 and this study). The transcriptional activation requirement for tumor suppression may be through low-level transactivation of classical p53 targets such as p21 or Puma or through full transactivation of the small subset of p53 targets properly induced by p53 25, 26 , such as Bax and other recently described targets (7) . The latter possibility is supported by the finding that Bax loss compromises Myc-induced apoptosis and alleviates the selection pressure for p53 mutations during Eμ-Myc-driven lymphomagenesis (25) and the observed tumor suppressor activity of several of these recently described targets, such as Phlda3, Abhd4, and Sidt2 (7). It may also be that combined low-level activation of canonical p53 target genes and strong induction of recently discovered p53 target genes, accounts for p53 tumor suppressor activity, a possibility supported by the observed tumor suppressor activity of p21 and Puma in certain settings (26, 27) . Future studies will further elaborate the transcriptional networks fundamental for tumor suppression in different settings.
Our findings have significant implications for improving cancer therapy, especially by suggesting strategies to restore critical p53 functions in tumor suppression. Current p53-oriented therapeutic strategies are focused on ectopically expressing wild-type p53 in p53 null tumors or restoring wild-type p53 function in tumors in which p53 is incapacitated by alterations in other pathway components (28) . Whereas the first strategy is limited by such factors as efficiency of delivery, the second approach relies on the presence of wild-type p53, which is mutated in over half of human cancers. Defining components of the p53 transcriptional network critical for tumor suppression greatly expands our options in target selection for therapeutic intervention, thereby helping to overcome obstacles associated with strategies relying on p53 as the sole target.
Materials and Methods
Immunostaining. p53 immunofluorescence (CM5, 1:150, Novocastra) and TUNEL staining were performed as described (6, 7) . IHC was performed using standard methods. Unmasking for p53 was performed by incubating 10 min in 0.01 M citrate buffer pH 6.0 in a pressure cooker and for Ki67 by incubating 15 min in unmasking solution (Vector Labs) in a boiling water bath. p53 was detected with CM5 (1:250) and Ki67 with anti-Ki67 (1:100; BD Pharmingen).
Fibrosarcoma and Medulloblastoma Tumorigenesis Assays. MEFs were isolated, cultured, and infected with adenoviruses or retroviruses as described (6) . For allograft assays, 1 × 10 6 E1A-Ras MEFs were injected into the flanks of Scid mice, and tumor growth was monitored by three orthogonal measurements using digital calipers. For medulloblastoma experiments, Kaplan-Meier survival curves and associated statistics were generated using GraphPad Prism4.0 software. Tumors were processed for histological examination using standard procedures. 
